Using a shock tube to generate shock waves, the wave patterns through several bifurcated junctions were studied. The effect of roughness was simulated by introducing grooves on the lower wall of the junctions, while the upper wall had a smooth surface. Five different bifurcation angles were used in the present study: 0, 30, 45, 60, and 90 degrees. The shock tube driver pressure was P4 = 12 bar, and the pressure within the shock tube driven section, P1, was atmospheric. Air was used as the driver and driven gas. High-speed schlieren photography, using the Shimadzu Hyper-Vision camera, was used to visualise the flow-field generated by the propagating incident shock wave. The interval between each frame was of 4 µs. Pressure measurements were taken to quantify the attenuation of the incident shock wave at the exit of the different junctions.
I. Introduction

S
hock wave attenuation through confined areas is of great interest in engineering applications. Recently,in Japan, with the development of high speed trains, studies of weak shock waves formation as the train enters the tunnel which can be perceived as a sonic boom or pressure increase.
1 Sasoh et al. 2 used pseudoperforated walls to attenuate weak shock waves to a sound wave at the exit of the train tunnel.
Another area of interest is nuclear plants and chemical industry where strong pressure waves may occur on the pipe systems where different connections and bifurcations exist. This may lead to undesirable pressure peaks or even the formation of weak shock waves. Internal explosions which travel in closed pipes or ducts may also lead to compressed pressure waves becoming weak shock waves. When propagating through a series of bends, they will be reflected and diffracted. Moreover, the interaction between these shock waves will form complex patterns, which in some cases, result in contrary effects to the ones which are meant -the attenuation and suppression of pressure peaks-as the shock wave travels downstream to the corresponding end point or exit of the flow stream. Movahed 3 studied the affect of shock wave propagation on different angle branched junctions.
The present study reports the pressure variations, as well as, the shock wave patterns through branched junctions having various angles with a combination of smooth and roughness effects. High-speed schlieren video-photography provides the ability of capturing the flow development at very small time intervals (4 µs between each frame). The following study was carried out using five different junctions, i.e. 0, 30, 45, 60 and 90 degree angles with a shock tube diaphragm pressure ratio P 4 /P 1 = 12 which corresponds to a theoretical shock Mach number of M s = 1.66. Previous works, mentioned above, have only carried studies on weak shock waves, i.e. M s = 1.2. The intention of the current study is to see the affects on higher incident shock waves to determine the best pressure peak attenuator. Experiments were carried out using square cross-section shock tube with internal area of 24.8 mm 2 . The driver and driven section lengths were 700 and 1750 mm, respectively. The high and low pressure chambers are separated by a 75 µm thick diaphragm which is perforated manually with a plunger incorporated to the driver section. The driver and driven pressures were P 4 = 12 bar and P 1 = 1 bar (ambient), air was used as the working gas.
II. Experimental Set-up
A. Shock Tube (a) (b) (c) (d) (e)
B. Test Section
The test section, previously used to study the shock attenuation in junctions of an engine manifold, 4 is placed at the end of the shock tube. It consists of interchangeable aluminum blocks used to form different junctions. The present study is carried out using 0, 30, 45, 60, and 90 degree junction. Furthermore, the upper wall of the junctions is smooth while the lower or junction walls incorporate the grooves. The combination of smooth walls and grooves with the effects of the bifurcations at different angles will help understand the effects of roughness on pressure peak suppression. However, shock wave patterns may be more complex. The grooves on the side walls have dimensions 2.5 × 7.5 mm and 5 mm separations between each one. The dimensions of the grooves were scaled according to Igra 5 who studied the effect of roughness on a double bend duct. Kulite XT-190 pressure transducers were located at the centre line of the test section to monitor the pressure history of the shock wave passing through the test section; points of great interest are those before and after the first groove, as well as, the effect of the bifurcation of the pipe. The configurations for each of the cases studied can be seen in Figure 1 . The transducer locations are marked with numbers.
C. High-Speed Schlieren photography
The flow pattern was captured using the high-speed schlieren photography technique. A Z-type configuration schlieren system was used to visualise the density gradients produced by the propagating shock waves. A schematic drawing of the schlieren set up is shown in Figure 2 . A continuous light source (Ushio 300W Xenon short arc lamp) is focused by the condenser lens to form the image. The slit intercepts part of the light and reflects it to one of the first concave mirror which collimates the light rays and illuminates the test section. A second mirror collects the light that has passed through the test section and focuses in at the knife edge. Focusing lenses are placed before the high-speed camera (Shimadzu HPV-1) which captures the schlieren images. The camera frame rate was 250 kf ps with an exposure time of 2 µs. For each run, 100 images were recorded which corresponds to a total of 400 µs of recording time.
III. Results and Discussions
A. 0 degree
The normal shock wave can be seen entering the test section in Figure 3(a) . When the incident shock wave (I) encounters a groove, diffraction for a 90 degree cavity occurs as the one described by Igra.
6 The incident shock wave (I) splits into two: one propagating downstream whilst the transmitted wave travels toward the inner cavity. A reflected shock wave will form when (I) reaches the righthand side corner of the adjacent groove. In Figure  3 (b), 92 µs after the incident shock I has entered the test section, the first reflected shock wave from the encounter of the first grooves has developed and is reflected from the smooth upper wall. The lower part of the incidents shock wave (I) is concave due to the interaction with the grooves. The attenuation of the shock front (I) on the lower part is noticeable in Figure 3 (c) where the shock front (I) is inclined. Behind the incident shock front, multiple shock reflections and diffractions take place. After 252 µs the shock front (I) leaves the test section (Figure 3 
B. 30 degree junction
In Figure 4 (a), the normal planar shock wave is about to encounter the first groove on the lower wall. The incident shock wave (I) has reached the 30 degree bend at 140 µs. The lower part of incident shock front is continuously being diffracted and multiple reflection waves can be seen traveling behind it as shown in Figure 4 (b). The diffraction of the shock front creates a small vortex at the apex of the 30 degree junction. When the incident shock wave reaches the right-hand side of the junction, a reflected shock wave (R) is formed. The (I) shock front is split into two and the transmitted shock wave exits the 30 degree junction whilst the incident shock wave exits via the main duct (Figure 4 
C. 45 degree junction
In Figure 5 (a) the shock front has already encountered four grooves. The attenuation of incident shock front (I) can be seen on the lower part where the continuous encounter with the grooves leads to a loss of momentum. When 40µs have elapsed, the incident shock wave reaches the left corner of the 45 degree corner. The attenuation of the shock wave is pronounced: indicated by the small forward inclination. When the shock front reaches the right corner of the junction, Figure 5 (c), the transmitted shock wave (T ) travels through the 45 degree junction. A reflected shock wave (R) is formed later on and a Mach reflection (M ) can also be seen. When I has reached the exit -172 µs passed-shown in Figure 5 (d) two Mach reflection can be seen, M and M , at the two exits. The reflected and diffracted waves traveling behind the incident shock wave, as in the previous case, coalesce at the center of the junction forming a weak shock wave ( Figure  5 (e)). However, in Figure 5 (f), the weak shock wave is inclined upstream, before it completely dissipates.
D. 60 degree junction
In Figure 6 (a) at the entrance of the test section to Figure 6 (b) when the shock front has reached the 60 degree junction 100µs have elapsed. The formation of reflected shock waves from the encounters with the grooves can be seen traveling behind the shock front. Moreover the first of these reflected shocks is reflected again from the upper smooth wall of the junction. The wave pattern of Figure 6 (c) shows the encounter with the sharp right side of the bifurcation creates a reflected shock wave (R) which grows into a Mach reflection (M ) with time. A vortex (V ) is formed at the left side of the junction when the shock front diffracts. After the incident shock wave has left the field of view -248 µs later-R is reflected from the top wall R . In Figure  6 (f), the reflected and diffracted waves start coalescing, forming a weak shock wave S at the centre of the junction, as seen for the previous cases: 30 and 45 degree junctions.
E. 90 degree junction
The shock front in Figure 7 (b) has reached the 90 degree bend. The diffraction of the incident shock wave at the 90 degree corner is accompanied by the generation of a vortex (V ). The transmitted shock wave T , travels through the 90 degree junction as shown in Figure 7 (c). When the incident shock wave (I) reaches the right corner of the junction, a reflected shock wave (R) forms and travels upstream. The interval when the shock front reaches the corner to the time it reflects is of 8 µs (Figure 7(d) ). The centre part of the reflected shock in Figure 7 (e) is caught in the vortex. This causes the reflected shock wave to deform curving toward the circulation of the vortex. The multiple reflections and diffractions give rise to an intricate shock interaction pattern behind the incident shock. The continuous interaction between the vortex, diffracted, and reflected waves, separate the primary vortex into three small vortices visible in Figure 7 (f). Furthermore, the beginning of the formation of the central shock wave (S), caused by the coalescing of the waves present in the test section, is also apparent. The standing shock wave ,S, continuously oscillates in time, seen when comparing Figure 7 (h) and 7(i). However, the location of the shock S remains the same for ≈ 13 ms before the flow completely dissipates. The total flow duration is 15ms.
F. Pressure Measurements
The pressure history for the the straight test section is presented in 8(a). Transducers T 1 and T 2 show an increment in pressure through time due to the multiple reflection and diffraction propagating upstream. However, the pressure history at the exit of the test section, T 3 , presents a considerable pressure drop. The increase of pressure upstream ,T 1 for 30 and 45 degrees, is comparably small to the previous case. The pressure at the centre of the test section, T 2 , shows a lower magnitude of pressure as well as two distinct peaks which show the diffraction at the corner of the junction and the diffraction wave travelling upstream. The pressure at the exit of the straight junction, transducer T 3 , shows a reduced pressure magnitude. Before the flow completely dissipate, a plateau of uniform pressure exists after 10 ms has elapsed. The vortex formed at the 30 and 45 degree branch travels downstream to the exit, T 4 , which explains the pressure drop at the exit. Similar behaviour can be seen for 60 and 90 degree. Nonetheless, the strongest of the recirculations is for 45 degrees case.
The reflections and diffraction created from the encounter of incident shock wave with the grooves at 60 and 90 degree junctions have a minimum effect at the upstream junction T 1 . However, the reflections and diffractions travel downstream increasing the pressure at the exit of the test section T 3 . Contrary to that reported by the numeric study by Movahed 3 that at the attenuation of the main branch decreases with increasing branching angle. The pressure increase at the exit of T 3 was noticeable at increase of the branch angle. 
IV. Conclusion
The multiple expansions and shock wave reflections formed by the encounter between the incident shock with the grooves and corners, all contribute in creating an extremely unsteady flow-field. The unsteadiness of the in the case with no junctions was of 650 µs which increased as the angle of the junctions changed: 15.5 ms for the the 90 degree junction. The formation of a shock wave at the center of the junction due to the continuous shock reflections coalescing was not expected and was visible for the four different junctions. The reflection and diffraction of the incident shock wave increased the pressure upstream; at smaller angles it has a greater influence, i.e. 0, 30 and 45 degrees. The pressure increases at the exit of the main branch, as the branch angle increased.
